Vibrio parahaemolyticus exists as swimmer and swarmer cells, specialized for growth in liquid and on solid environments respectively. Swarmer cells are characteristically highly elongated due to an inhibition of cell division, but still need to divide in order to proliferate and expand the colony. It is unknown how long swarmer cells divide without diminishing the population of long cells required for swarming behavior. Here we show that swarmer cells divide but the placement of the division site is cell length-dependent; short swarmers divide at midcell, while long swarmers switch to a specific nonmid-cell placement of the division site. Transition to non-mid-cell positioning of the Z-ring is promoted by a cell length-dependent switch in the localizationdynamics of the division regulator MinD from a poleto-pole oscillation in short swarmers to a multi-node standing-wave oscillation in long swarmers. Regulation of FtsZ levels restricts the number of divisions to one and SlmA ensures sufficient free FtsZ to sustain Z-ring formation by preventing sequestration of FtsZ into division deficient clusters. By limiting the number of division-events to one per cell at a specific non-mid-cell position, V. parahaemolyticus promotes the preservation of long swarmer cells and permits swarmer cell division without the need for dedifferentiation.
Introduction
Proliferating bacteria repeatedly undergo cycles of growth and cell division. These cycles need to be spatiotemporally tightly regulated with the cell cycle, because failure of the cell to correctly place the site of division has detrimental and often lethal effects. Assembly of cell division proteins into the so-called divisome complex occurs in a hierarchal order and is initiated by assembly of the FtsZ protein into a ring-like structure called the Z-ring (Haeusser and Margolin, 2016) .
The placement of the Z-ring has been shown to be regulated by proteins belonging to the ParA-like family of Walker-type ATPases in many organisms such as Escherichia coli (de Boer et al., 1989; Raskin and de Boer, 1999) , Bacillus subtilis (Marston et al., 1998) , Caulobacter crescentus (Thanbichler and Shapiro, 2006; Kiekebusch et al., 2012) , Corynebacterium glutamicum (Donovan et al., 2010) , Myxococcus xanthus (Treuner-Lange et al., 2013; Schumacher et al., 2017) , Xanthomonas citri (Lorenzoni et al., 2017) and Vibrio cholerae (Galli et al., 2016) . One such example of a ParA-like protein is MinD, a part of the Min-system. This system is required for correct placement of the division site at mid-cell and for protection of the cell poles from aberrantly positioned Z-rings (de Boer et al., 1989 ). In the model organism E. coli, the Min-system comprises the proteins MinC, MinD and MinE. MinC, the FtsZinteracting component of the system, is recruited to the membrane by MinD (Lutkenhaus, 2012) . MinC and MinD together form an inhibitor complex that prevents Z-ring assembly anywhere but at mid-cell by a clever mechanism in which MinE-stimulated oscillation of MinD from pole-to-pole ensures that the time-averaged concentration of the MinCD complex is lowest at mid-cell and highest at the cell poles (de Boer et al., 1992; Raskin and de Boer, 1999; Lutkenhaus, 2012) . Furthermore, in many bacteria another system referred to as nucleoid occlusion (NO) inhibits division at sites within the cell occupied by the nucleoid (Ortiz et al., 2015) . In E. coli the NO effector protein is SlmA (Bernhardt and de Boer, 2005) , a DNA-binding protein that blocks FtsZ-ring formation when bound to specific DNA sequences (Cho et al., 2011; Tonthat et al., 2013) .
In addition to mid-cell division into two identical progeny cells, a number of bacterial species also undergo more specialized divisions. For example, non-mid-cell division (Eswara and Ramamurthi, 2017) is an effective means to regulate the transformation of a progenitor cell into two morphologically distinct daughter cells. Another way of achieving population heterogeneity is cellular differentiation. Many bacteria, including species of Serratia (Alberti and Harshey, 1990) , Aeromonas (Kirov et al., 2002) , Salmonella (Harshey, 1994) , Proteus (Rather, 2005) , and Vibrio (Sar et al., 1990) , differentiate between two developmentally distinct cell types -a free living swimmer cell found in liquid environments and a swarmer cell that is specialized for attachment and movement across solid surfaces (McCarter, 2004 ). An organism that undergoes such differentiation is Vibrio parahaemolyticus, a Gram-negative-proteobacterium that is found in estuarine, marine and coastal environments. It is an important human pathogen, which has emerged as the most common cause of seafood-borne acute gastroenteritis world-wide (Letchumanan et al., 2014) . V. parahaemolyticus swimmer cells are optimized for swimming in liquid environments and exist as short rod-shaped cells with a single polar flagellum to propel themselves forward. When swimmer cells encounter a solid surface, differentiation into a swarmer cell is triggered by the physical contact. Swarmer cells are optimized for movement on solid surfaces or through viscous environments, enabling V. parahaemolyticus to rapidly colonize surfaces McCarter, 1999; Makino et al., 2003; Stewart and McCarter, 2003; McCarter, 2004; McCarter, 2010; . Swarmer cells express a second motility system, resulting in a multitude of lateral flagella, which are essential for swarming behavior and for surface and cell-cell contact in order to coordinate movement across surfaces (Baumann and Baumann, 1977; McCarter, 2004; Böttcher et al., 2016) . One of the initial events of differentiation is inhibition of cell division. Consequently, swarmer cells are typically highly elongated compared to planktonic swimmer cells (Baumann and Baumann, 1977; McCarter, 2004; Böttcher et al., 2016) . However, in order for the swarm colony to expand, swarmer cells must divide and proliferate and thus rely on a mechanism that allows for cell division without diminishing the long swarmer population. However, the mechanisms that ensure swarmer division without diminishing the long swarmer cell population are unknown.
Here, we analyze cell division and chromosome segregation in V. parahaemolyticus swarmer cells. We show that the placement of the division site is cell length-dependent; short swarmer cells divide at mid-cell, whereas elongated swarmer cells transition to a non-mid-cell division. By limiting cell division-events to once per cell at a non-mid-cell position, elongated swarmer V. parahaemolyticus cells promotes the preservation of long cells within a multiplying swarmer population and consequently allows for cell division without diminishing the long swarmer cell population and the need for dedifferentiation.
Results

A cell length-dependent switch from mid-cell to nonmid-cell placement of the Z-ring and the division site in V. parahaemolyticus swarmer cells
The flares extending outward from V. parahaemolyticus swarmer colonies consist of swarmer cells stacked in a few layers, thinning to a monolayer of swarmer cells at the very edge (Fig. 1A) , which enables single cell microscopy analysis (Heering and Ringgaard, 2016; Heering et al., 2017) . The population of swarm flares is heterogeneous, comprising cells ranging from 2 µm to > 40 µm in length (Fig. 1B) . Interestingly, we observed that swarmer cells divide but experienced different types of division events; a subset of cells divided at mid-cell (Fig. 1C , orange arrow), while in others division occurred at a non-mid-cell position, resulting in progeny cells of different sizes (Fig.  1C , green arrow) -suggesting that the heterogeneity in cell size could in part be a result of non-mid-cell division events. Time-lapse microscopy demonstrated that during non-mid-cell division, cells showed no preference for one cell pole in the placement of the division site, as non-mid-cell division occurred equally often towards the same pole or the opposite pole, with respect to the previous division event (Fig. 1D) .
In order to further characterize cell division in swarmer cells we localized FtsZ, using a fusion to YFP (YFPFtsZ) expressed from an ectopic locus in addition to the wild-type ftsZ allele. Co-immunoprecipitation assays indicated that YFP-FtsZ interacted with native FtsZ ( Fig  1E) . Furthermore, YFP-FtsZ localized to and marked the positioning of future division sites ( Fig. 1F-H) , as would be expected for functional FtsZ protein. Altogether, this suggests that the YFP-FtsZ fusion protein is partially functional and can be used as a marker for studying the regulation and localization of FtsZ. Importantly, swarmer cells displayed marked differences in FtsZ positioning and placement of the division site, depending on their cell length: in short swarmer cells (< 10 µm), the Z-ring formed at mid-cell (Fig. 1F , orange arrows, G). We then analyzed the position of division sites by measuring the distance of division invaginations to the cell pole and relative to the cell length (henceforth, these invaginations are referred to as division sites). Consistently, short swarmer cells divided at mid-cell (Fig. 1H , orange group), resulting in daughter cells of equal sizes. However, when swarmer cells reached 8-10 µm in length, a transition from a mid-cell localization to a non-mid-cell placement of the Z-ring occurred (Fig. 1F , green arrows, G). Nonmid-cell localization of the Z-ring in swarmer cells longer than 10 µm always (97 % of cells) occurred at distance of 2.5-8 µm from the cell pole (Fig. 1I ) -thus, we defined this region as the swarmer's LD-site (Length-Dependent division-site). Consistent with placement of the Z-ring at the LD-site, swarmer cells ultimately divided at this position (Fig. 1H , green group), resulting in progenies of different cell lengths. Divisions were never observed within the first 0-2.5 µm, therefore polar regions of the cell are protected from division events ( Fig. 1H and I) . Altogether, these data show that both long and short swarmer cells can divide and that the placement of the division site is cell length-dependent.
Positive linear correlation between cell length and ori count in polyploid swarmer cells
It is essential for cell survival that each daughter cell inherits a complete copy of the genome after completion of cell division. The genome of V. parahaemolyticus is divided between chromosome 1 and chromosome 2 (Yamaichi et al., 1999; Makino et al., 2003; Okada et al., 2005) . To investigate the effect of non-mid-cell division on the inheritance of genetic material, we set-out to localize the position and organization of both the chromosomes with respect to cell length and cell division in swarmer cells. In Vibrio cholerae the ParAB1 and ParAB2 systems are responsible for proper segregation of ori1 and ori2 of chromosome 1 and 2 respectively (Fogel and Waldor, 2005; Fogel and Waldor, 2006; Yamaichi et al., 2007b) . Similarly V. parahaemolyticus encodes two ParABS chromosome partition systems; ParABS1 and ParABS2, at chromosome 1 and 2 respectively. Additionally, each chromosome encodes predicted parS1 and parS2 centromere sites near ori1 and ori2 respectively ( Fig. 2A) (Yamaichi et al., 2007a) . Electrophoretic mobility shift assays (EMSA) with purified C-terminally His6-tagged ParB1/ParB2 protein, showed that ParB1 and ParB2 specifically binds to DNA that includes the parS1 (Fig. 2B , green) and parS2 sites (Fig. 2C, green) respectively. Neither proteins bind to non-specific DNA free of parS1 and parS2 sites (Fig. 2B and C, red) . Importantly, ParB1 does not bind to parS2 sites and ParB2 does not bind parS1 sites (Fig.  S1) . Thus, by fluorescently labeling ParB1 and ParB2, we could specifically localize the position of the parS1 and parS2 sites within the cell -corresponding to the position of ori1 and ori2 respectively. We replaced the native parB1 and parB2 loci with parB1-YFP and parB2-mCherry. ParB1-YFP and ParB2-mCherry localized as distinct foci that were distributed along the long axis of the cell (Fig. 2D-E) , with a ratio between ParB1 and ParB2 foci of 1.4:1, with a positive linear correlation between cell length and the number of both ParB1-YFP and ParB2-mCherry foci, indicating an increasing copy number of each chromosome with increasing cell length (Fig. 2F ).
Equidistant positioning of ParB1/ori1 and ParB2/ori2 in swarmer cells is independent of cell length
Analysis of the distribution of ParB1-YFP and ParB2-mCherry foci in relation to cell length, revealed that independent of the number of origins and cell length, on average both ori1 and ori2 were equidistantly positioned along the cell ( Fig. 2E and G) . Importantly, a ParB1/ori1 focus was always positioned at each cell pole accompanied by a pole proximal ParB2/ori2 focus. The pole proximal ParB2/ori2 A. Schematic depicting the consensus sequence (sequence logo) of parS1 and parS2 centromere sites and their location on chromosome 1 and 2 respectively. B-C. DNA binding properties of (B) ParB1 and (C) ParB2. Gel-shift experiment with (B) ParB1 and (C) ParB2 testing for their ability to bind Cy5-labeled DNA (green) containing parS1 and parS2 sites respectively. Cy3-labeled nonspecific DNA (not containing either parS1 or parS2) was added as a negative control (red). suggesting that each daughter cell will inherit at least one copy of each chromosome after cell division -independent of cell length and placement of the division site. 
A cell length-dependent switch from mid-cell to LDsite placement of complete chromosome segregation correlates with the position of the division site
Interestingly, nucleoid staining using DAPI of swarmer cells, revealed that despite the ordered segregation of the ori regions, the entire cell was occupied by chromosomal DNA with no clear segregation of nucleoids (Fig. 3A , white arrows, B), indicating that complete chromosome segregation had not occurred in the majority of swarmer cells. However, a subpopulation of cells did show a single clear nucleoid free region along the cell (Fig. 3C , white arrows). Line-scan analysis of the DAPI signal from this cell type revealed that the DNA free region was positioned at mid-cell in short swarmer cells (< 10 µm) and at nonmid-cell in cells longer than 10 µm ( Fig. 3D ), revealing a cell length-dependent positioning of the nucleoid free region similar to that observed regarding the placement of the Z-ring and division site ( We next analyzed planktonic cells, which were artificially elongated by treatment with the cell division inhibitor Aztreonam. Interestingly, and in contrast to long swarmer cells, multiple Z-rings were positioned regularly along the cell in artificially elongated planktonic swimmer cells ( Fig.  3F green arrows, G), with an increasing number of Z-rings with increasing cell length (Fig. 3G) . Furthermore, DAPI staining showed multiple sites of nucleoid free regions positioned regularly along the cell length ( Fig. 3F white arrows, H), which coincided precisely with the localization of Z-rings (Fig. 3F , graph and G-H) and YFP-FtsK (Fig.  S3 ). These data further support that there is a correlation between the localization of the division apparatus and the site of complete chromosome segregation and suggests that formation of the Z-ring directs the site at which complete chromosome segregation occurs.
Regulation of FtsZ levels ensures only one Z-ring is formed in swarmer cells
In order to understand how swarmer cells ensure that primarily only one Z-ring is formed, while multiple Z-rings are formed in artificially elongated planktonic cells, we analyzed FtsZ protein levels using liquid chromatography-mass spectrometry (LC-MS) in planktonic cells, swarmer cells, and artificially elongated planktonic cells ( Fig. 4A-C) . Interestingly, FtsZ levels were identical in planktonic and swarmer cells (Fig. 4A) , while artificially elongated planktonic cells in comparison showed a significantly higher level of FtsZ (Fig. 4B) . Likewise, the level of FtsA was identical in planktonic cells and swarmer cells (Fig. 4C) , while artificially elongated planktonic cells showed a significantly higher level of FtsA (Fig. 4D) . As a control we also measured the level of LafA -the lateral flagellin subunit, which is specifically expressed in swarmer cells . Indeed, the level of LafA was much higher in swarmer G. Graphs depicting the ratio of the shortest distance of the Z-ring to cell pole with respect to cell length as a function of cell length in wildtype and ∆minCDE swarmer cells. H. Graphs depicting the ratio of the shortest distance of the division site to the cell pole with respect to cell length as a function of cell length in ∆minCDE and ∆slmA swarmer cells. of a single Z-ring -effectively restricting the number of Z-rings to one, independent of cell length in swarmer cells. Indeed, upon overproduction of YFP-FtsZ from an IPTG inducible promoter in swarmer cells, multiple Z-rings were observed along the cell length of long swarmer cells (Fig. S4A) . Furthermore, there was a significant decrease in swarmer cell length with increasing concentration of the inducer IPTG (Fig. S4B) , consistent with multiple divisions per swarmer cell and the formation of shorter cells. Altogether, these data indicate that the concentration levels of FtsZ in swarmer cells are regulated to match that of planktonic cells, so that only the formation of a single Z-ring is allowed, regardless of the length of the swarmer cells -thus, effectively restricting the number of division events per cell to one independent of their length.
The Min-system ensures proper localization of the Z-ring and division site at the mid-cell and LD-site positions in swarmer cells
The V. parahaemolyticus genome encodes all three classical components of the Min-system (MinC, MinD, and MinE) and the nucleoid occlusion determinant SlmA. We analyzed cell division in swarmer cells deleted for minCDE alone, slmA alone, and both systems simultaneously (ΔminCDE ΔslmA). FtsZ levels did not vary significantly in swarmers of either deletion strains compared to wild-type (Fig. S5) . minCDE deletion resulted in divisions close to the cell pole and the formation of mini-cells (Fig. 5A, white arrow, B) . Accordingly, 21.3 % of the ΔminCDE swarmer population were minicells, compared to only 1.3 % for wild-type (Fig. 5B) . However, absence of MinCDE did not result in increased cell lengths in swarmers (Fig. 5C) . Consistent with the formation of mini-cells, YFP-FtsZ localized to the cell pole (Fig. 5D , purple arrows) in ~50 % of swarmer cells lacking MinCDE, while only ~7 % of wild-type swarmer cells showed polar localization of FtsZ (Fig. 5E) . Thus, as shown in E. coli (de Boer et al., 1989) , in V. parahaemolyticus swarmer cells the Min-system protects the poles from aberrantly positioned division sites, preventing mini-cell formation. Importantly, in the absence of minCDE, the position of the Z-ring (Fig. 5G ) and division site (Fig. 5H -compare to wild-type in 1H) were not confined to the mid-cell and LD-site positions, but instead on a population basis distributed along the entire cell length. This indicates that the Min-system is also important for the proper mid-cell and LD-site Z-ring positioning and subsequently for the division site-placement in short and long swarmer cells respectively.
SlmA prevents the formation of division deficient FtsZ clusters in swarmer cells
The absence of SlmA in swarmer cells did not result in formation of mini-cells (Fig. 5A-B) , however, it resulted in an increase in cell length when compared to wildtype and ΔminCDE (Fig. 5C ). Cells lacking both systems (ΔminCDE ΔslmA) did not form mini-cells (Fig.  5A-B ), but were highly elongated compared to wild-type, ΔminCDE and ΔslmA cells (Fig. 5C ) and divided less frequently (Fig. 5F ). Importantly, in the absence of SlmA, division sites were properly positioned at the mid-cell in short swarmer cells or at the non-mid-cell LD-site in long swarmer cells, similar to wild-type cells (Fig. 5H -compare to 1F). However, absence of SlmA significantly influenced the intracellular localization of FtsZ, as YFP-FtsZ localized as clusters randomly positioned along the cell length in ΔslmA cells (Fig. 5D-E) . Lateral clusters of YFPFtsZ were present in ~95 % of ΔslmA cells compared to 0 % in both wild-type and ΔminCDE (Fig. 5E ). Lateral clusters did not coincide with division sites and did not transverse the cytoplasm perpendicular to the long axis of the cell (Fig. 5D , yellow arrows), as is observed when the Z-ring required for cell division is formed (Fig. 5D , green arrow). Therefore these lateral clusters most likely do not represent functional Z-rings. A Z-ring was present in ~50 % of ΔslmA cells compared to ~65 % of wild-type cells (Fig. 5E ). Since wild-type and ΔslmA cells divided with equal frequencies (Fig. 5F ), it is likely that the Z-rings that are formed in ΔslmA cells are fully functional. Clusters of YFP-FtsZ were also observed at the cell poles in the absence of SlmA (Fig 5D, purple arrows, E) , however, since no polar divisions occurred in ΔslmA (Fig. 5H) , these polar clusters likely do not represent functional Z-rings, but instead are similar to the lateral clusters of YFP-FtsZ formed in this background. Altogether, these data suggest that SlmA prevents the formation of division deficient FtsZ clusters along the length of the cell, but does not regulate proper positioning of the Z-ring during non-mid-cell division at the LD-site in long swarmer cells.
MinD localization-dynamics switch from a pole-to-pole oscillation to a multi-node standing wave oscillation as a result of swarmer cell-elongation
To understand how the Min-system promotes proper positioning of the Z-ring at mid-cell and LD-site, we next analyzed the subcellular localization of MinD. For this, MinD was fused to YFP (YFP-MinD) and expressed from an ectopic locus in addition to the wild-type minD allele. In short swarmer cells (cells < 10 µm), YFP-MinD formed a gradient extending from one cell pole towards mid-cell ( Fig. 6A and B) , and time-lapse microscopy revealed that this was a consequence of YFP-MinD pole-to-pole oscillation (Fig. 6C , Supporting movie S1), resulting in a time-averaged lowest concentration of MinD at the midcell (Fig. 6C, bottom panel) . Interestingly, a change in MinD localization dynamics occurred in swarmer cells longer than ~10 µm -the same cell length at which the transition in positioning the Z-ring and site of complete chromosome segregation from mid-cell to the LD-site in swarmer cells occurred. Demographic analysis indicated that in these cells, MinD no longer localized as a gradient extending from the cell pole in the majority of long swarmer cells (Fig. 6B) . Instead MinD localized in local minima and maxima along the cell length and moved from regions of local maxima to regions of previous local minima and back again (Fig. 6D , Supporting movies S2 and S3). This is consistent with a multi-node standing wave oscillation of MinD, where the point along the standing wave with minimum amplitude (the node) corresponds to the sites along the cell length experiencing the time-averaged minimum concentration of MinD (and consequently MinC) (Fig. 6D, bottom panel) . The number of nodes correlated with cell length and as cells reached a length longer than ~8-10 µm a doubling in the number of nodes from 1 to 2 occurred. Hereafter, for each increment in length of ~8-10 µm, two additional MinDnodes were added to the oscillation pattern (Fig. 7A) , hence indicating that the maximum length of a MinDwave is 10 µm -consistent with the cell length (10 µm) at which the transition from pole-to-pole to multi-node standing wave oscillation occurred. Thus, the localization dynamics of MinD in swarmer cells is cell length-dependent and change from a pole-to-pole oscillation in short swarmer cells (<10 µm) to a multi-node standing wave oscillation. A multi-node standing-wave oscillation of MinD was also observed in artificially elongated planktonic cells (Fig. S6) , further supporting that the switch in MinD localization dynamics is a consequence of cellular elongation.
The non-mid-cell LD-site is positioned at the utmost pole-proximal MinD-node
The LD-site was positioned at a distance of 2.5-8 µm from the cell pole (Fig. 1I) , indicating that the Z-ring primarily forms at one specific MinD-node -also in very long cells with four or six nodes. To further address this, we measured the position of the division site from the cell pole relative to cell length. Cells were then grouped into four categories based on their length: group (1), < 10 µm; (2), 10-20 µm; (3), 20-30 µm; and (4), 30-40 µm, which based on data in Fig.  7A primarily will have 1, 2, 4 and 6 MinD-nodes respectively. Strikingly, there was a clear shift in the primary placement of the division site towards a closer proximity to the cell pole relative to mid-cell -particularly, the more MinD-nodes (the longer the cell is) the closer the division site was positioned to the cell pole relative to mid-cell (Fig. 7B) . A similar shift is expected for the placement of the most pole-proximal MinDnode with increasing cell length (Fig. 7C) . This prompted us to analyze if the division site corresponds to the first MinD-node from the cell pole. Indeed, analysis of YFP-MinD localization in long swarmer cells in comparison with positioning of the division site, showed that the placement of the LD-site of long swarmer cells precisely corresponded to the position of the most pole-proximal MinD-node, during multinode standing wave oscillation (Fig. 7D) . Altogether, this further supports the result that the Min-system contributes to the positioning of the Z-ring at this site, and shows that the LD-division site primarily forms at the utmost pole proximal MinD-node independent of the cell length. Furthermore, the utmost pole-proximal MinD-maximum occupied the initial 0-2 µm from the cell pole (Fig. 7D) , which exactly corresponds to the region protected from Z-ring formation and cell division in wild-type cells (Fig 1G-I ). This explains how the Min-system is able to simultaneously protect the cell poles from aberrantly positioned division sites and regulate proper divisions at mid-cell and the LD-site. A similar correlation between MinD-localization and placement of the division site was observed in the absence of the SlmAsystem (Fig. 7E) , further supporting that primarily MinCDE and not SlmA regulates proper positioning of the division machinery. 
All cells from swarm flares have all initiated the swarmprogram
Next we analyzed if all cells from swarm flares have initiated the swarm program independent of cell length. For this purpose we used the promoter of lafA, encoding the lateral flagellin subunit, LafA, as a maker for cells that have initiated the swarm program . The promoter of lafA (PlafA) was fused to the gene encoding mCherry (PlafA::mCherry) and integrated in the chromosome of wild-type V. parahaemolyticus. Indeed, 100 % (n = 500) of cells from swarm flares expressed mCherry from the lafA promoter (Fig  8A-C) . Importantly, both short (Fig 8A magenta arrows,  C ) and long cells (Fig 8A yellow arrows, C) from swarm colonies expressed mCherry. This was in contrast to planktonic cells from liquid cultures where no fluorescent cells were seen (0 %, n = 350) (Fig 8B and C) . Independent of their length, cells from swarm-flares expressed equal amounts of mCherry (Fig 8C) , indicating that all cells independent of their length have initiated the swarm-program to the same degree. This suggests that both progenies of non-mid-cell LD-site division continues the swarm program subsequent to completion of cell division.
Discussion
During differentiation into swarmer cells an inhibition of cell division results in the formation of highly elongated cells, a morphological change that is important for swarming behavior (McCarter, 2010; Böttcher et al., 2016) . In order for a swarmer colony to expand, it is crucial for the population to combine the seemingly contradictory requirements of cell division and maintenance of the characteristic long cells that are ideally equipped for swarming behavior. However, it has not been known how swarmer cells are able to divide without diminishing the population of long cells required for swarming. Here we show that V. parahaemolyticus has developed a mechanism to achieve this by switching from a mid-cell to a non-mid-cell division when reaching a total cell length of 8-10 µm. This allows for the maintenance and even growth of the long cell and simultaneously for proliferation, hereby presenting an elegant solution for this particular problem (Fig. 9A) . The Min-system is required for proper positioning of the division site, both at mid-cell and the non-mid-cell LD-site. Our data indicate that the proper switch to non-mid-cell division at the LD-site is mediated by a cell length-dependent transition in the localization-dynamics of MinD from a pole-to-pole oscillation in short swarmers to a multi-node standing-wave oscillation in long swarmers.
Proliferating cells have to ensure a safe and reliable cell division without putting the genomic integrity and overall cellular fitness in jeopardy. Swarmer cells are polyploid and there is a positive linear correlation between chromosome count and cell length. The ori regions of both chromosomes are equidistantly segregated along the long axis of the cell, however, our results indicate that independent of cell length, complete chromosome segregation only occurs at one site and once per cell cycle. The site of complete chromosome segregation is correlated with the position of the division machinery and follows a similar cell length-dependent transition from a mid-cell position in short swarmer cells to a non-mid-cell position at the LD-site in long swarmer cells. Multi-node standing-wave oscillations of MinD also occurs in artificially elongated planktonic cells, however, in contrast to swarmer cells, these cells form multiple Z-rings positioned regularly along the cell length -likely at each MinD node. In contrast to swarmer cells, DAPI staining experiments indicate that the chromosomes of artificially elongated planktonic cells are completely segregated at multiple sites along the cell length. However, similar to swarmer cells, each site of complete chromosome segregation correlates with the position of the division machinery. Furthermore, we show that the concentration of FtsZ is identical in planktonic and swarmer cells, while artificially elongated planktonic cells have significantly higher concentration of FtsZ than both wild-type planktonic cells and swarmer cells. This indicates that the level of FtsZ is regulated in swarmer cells to match the concentration of FtsZ in planktonic cells. Also, it suggests that formation of a Z-ring at each MinD-node in artificially elongated planktonic cells simply is a consequence of the higher FtsZ concentration in these cells -i.e. FtsZ is abundant enough to sustain formation of multiple Z-rings, one at each MinD-node. Thus, the regulation of the FtsZ concentration level in swarmer cells to match that of planktonic cells, likely ensures that only enough FtsZ is present in swarmer cells to sustain the formation of a single Z-ring -effectively restricting the number of Z-rings formed to one, independent of swarmer cell length and the number of MinD-nodes. As such, swarmer cells are only allowed to divide once per cell cycle independent of their length. Furthermore, as the position of each Z-ring in artificially elongated planktonic cells correlates with the site of complete chromosome segregation, and as our data suggest that the formation of multiple Z-rings in artificially elongated planktonic cells is a consequence of these cells' higher FtsZ level, it suggests that the division machinery assists in determining the site at which complete chromosome segregation takes place. Consequently, our data suggests that positioning of the division site by the MinCDE system in turn promotes proper positioning of the site at which complete chromosome segregation occurs. As a result, complete chromosome segregation only occurs at one site (the division site) and once per cell cycle -independent of swarmer cell length.
Here we report on the regulation of cell division in fully differentiated swarmer cells of V. parahaemolyticus.
However, the significant extension of the cell body that occurs during differentiation of swimmer cells to swarmer cells suggest an inhibition or regulation of cell division once differentiation is initiated. The mechanism responsible for this process remains an open question. We show that neither of the cell division regulators MinCDE and SlmA are essential for such a regulation. However, our results suggest that regulation of FtsZ levels contributes to the preservation of long cells within the swarmer population: if long swarmers were able to divide at multiple sites, the population of long cells would quickly be diminished. Thus, by regulating FtsZ levels to only sustain one division event per cell, V. parahaemolyticus ensures that long swarmer cells are allowed to divide, while simultaneously preventing their depletion in the population. Furthermore, a non-mid-cell position of the division site in long swarmers, further ensures a continuous population of long cells, as the result of non-mid-cell division is a short and a long daughter cell. Consequently, our results suggest that by limiting the number of cell division-events to one per cell at a non-mid-cell position in long swarmer cells, V. parahaemolyticus promotes the preservation of long cells within a multiplying population of swarmer cells. Furthermore, this mechanism of cell division-regulation allows swarmer cells to divide without the need for dedifferentiation.
Our results suggest that SlmA does not direct positioning of the division site, but instead prevents the accumulation of FtsZ into division-deficient clusters along the cell length. The prospective outcome is that free FtsZ molecules exist in a concentration sufficient for Z-ring formation at midcell and LD-sites when directed to these locations by the Min-system. In E. coli (Bernhardt and de Boer, 2005; Cho et al., 2011; Tonthat et al., 2013) and V. cholerae (Galli et al., 2016) , SlmA prevents Z-ring formation when bound to specific DNA sequences. It is likely that SlmA similarly in V. parahaemolyticus needs to be DNA bound in order to perform its role in preventing formation of division-deficient FtsZ clusters. As our results suggest that FtsZ is present at a level that sustains only the formation of a single Z-ring, complete chromosome segregation at multiple localizations along the cell, too, would have the potential to deplete FtsZ and interfere with cell division, as incomplete Z-rings likely would form at each nucleoid free site. Thus, our results suggest that by segregating the chromosomal origins regularly along the cell length, but only allowing complete chromosome segregation at one specific site, swarmer cells ensure that SlmA is able to act along the entire length of the cell. Furthermore, the coordination of the site of complete chromosome segregation with the site of Z-ring formation, will ensure that a nucleoid free region only occurs at one site within the cell and subsequent to the confinement of FtsZ molecules at its appropriate site (mid-cell or LD-site) by the MinCDE system.
Altogether our data support a model, where swarmer cells are polyploid with a positive linear increase in chromosome count with increasing cell length. The origins of both chromosomes are distributed evenly along the cell length, but complete chromosome segregation does not occur at this stage. SlmA prevents the formation of division deficient FtsZ clusters over the nucleoid. The even distribution of chromosomal origins along the cell length ensures that SlmA can act along the entire cell length (Fig. 9B, #1) . MinD pole-to-pole oscillation in short cells and multi-node standing-wave oscillation in long cells promotes the positioning of the Z-ring to mid-cell and the non-mid-cell LD-site respectively (Fig. 9B, #2 ). The level of FtsZ protein only allows for the formation of one Z-ring at one MinD-node independent of cell length. The site of Z-ring formation in turn directs the site at which complete chromosome segregation takes place (Fig. 9B , #3 → #4). Ultimately the cell divides at either mid-cell or the LD-site, resulting in daughter cells of equal sizes or in one short and one long daughter cell respectively (Fig. 9B, #5 ). In this way the combined actions of cell length-dependent MinD-dynamics, origin segregation, SlmA function, and regulation of FtsZ levels ensure that formation of the Z-ring and complete chromosome segregation only occurs once per cell at a non-mid-cell location.
Multi-node standing wave oscillation of MinD has been reported in artificially elongated E. coli cells that are unable to divide due to an artificial block of cell division. When these artificially elongated cells reach a length of ~10 µm or more, the number of wavelengths of MinD oscillations present in the cell increases and the MinD dynamics change to a multi-node standing wave oscillation (Raskin and de Boer, 1999; Fu et al., 2001; Huang et al., 2003) . Thus, the maximum MinD-wavelength, and consequently the cell length at which a transition in MinD dynamics occur, are very similar between the Min-systems of E. coli and V. parahaemolyticus, suggesting it is a cell length-dependent intrinsic property of the Min-system that triggers the transition in localization dynamics. This is further supported by in vitro reconstitution experiments of Min-dynamics in fabricated microchambers, where Min-dynamics has been observed to switch from a pole-to-pole oscillation to symmetric double oscillations or traveling waves correlated with chamber length (Schweizer et al., 2012; Zieske and Schwille, 2013; Zieske and Schwille, 2014; Caspi and Dekker, 2016) . A function for such multi-node standing wave oscillation of the Min-system, however, has never been reported before. Here we show for the first time that multi-node standing wave MinD-oscillations happen in naturally occurring cells, and that the oscillation pattern ensures the proper positioning of the Z-ring and division site in naturally occurring filamentous swarmer cells.
The number of nodes per cell (and accordingly the number of local MinD minima and maxima) increased with increasing cell length. However, Z-ring formation, and in consequence cell division, almost always occurred at the most cell pole proximal MinD-node (Fig. 7B-D) (the LD-site), showing a preference for this node compared to others in swarmer cells with more than two nodes. Upon completion of cell division in B. subtilis there is a high local concentration of FtsZ in the cell pole region and a polar Z-ring often forms adjacent to the new pole. MinC does not inhibit FtsZ assembly at the cell poles, but rather prevents these polar Z-rings from supporting cell division (Gregory et al., 2008) . In the absence of MinCD, polar Z-rings are stable and able to support cell division, resulting in the formation of mini-cells (Gregory et al., 2008) . A similar high concentration of FtsZ would also be expected in the new cell pole region immediately after completion of cell division in swarmer cells, and thus could explain why the most pole proximal MinD-node is chosen for Z-ring formation. However, since swarmer cells undergoing LD-site division showed no preference for one cell pole in the placement of the division site in respect to the previous division event, this indicates that such a scenario is not the case in V. parahaemolyticus. It is possible that epigenetic information based on previous division events, as has been reported in Staphylococci (Turner et al., 2010) , or perhaps unknown cell pole factors or birth scar proteins similar to C. crescentus (Huitema et al., 2006; Lam et al., 2006) , helps to direct Z-ring formation towards the cell pole region. Here we show that the ori sites are evenly distributed along the cell, however, the positioning of the ter sites remains to be elucidated. One possibility is that they are differently positioned at the poles, and this may assist in pole-proximal positioning of FtsZ via a positive regulation for FtsZ through an FtsZ-ZapB-MatP-matS mechanism (Mercier et al., 2008; Espeli et al., 2012; Demarre et al., 2014; Männik et al., 2016; Espinosa et al., 2017) -however, more research is needed to understand this question.
Non-mid-cell positioning of the division site in V. parahaemolyticus swarmer cells is similar to, for instance, the first step of endospore formation in B. subtilis (Hutchison et al., 2014) , however, the underlying mechanisms and purposes are very different. While non-mid-cell division in B. subtilis eventually results in a developmentally distinct daughter cell compared to the mother cell (Hutchison et al., 2014) , this is not the case for LD-site division in V. parahaemolyticus, as we show that all cells, independent of cell length, from swarm flares have initiated the swarm-program. Our results, however, indicate that LD-site division contributes to swarmer population heterogeneity and to the preservation of long cells within a multiplying swarmer population. Our results raises the question as to whether other filamentous bacteria in a similar manner -e.g. swarmer cells of Proteus mirabilis (Rather, 2005) -exploit the intrinsic properties of the Min-system to regulate a non-mid-cell division in order to allow for cell division whilst preserving the population of filamentous cells. Indeed, recently it was shown that in artificially generated filamentous E. coli cells the Z-ring reorganize to form one cell length (the length of a non-elongated cell) away from the cell pole and regularly at a distance of two length-units away from each other along the cell length. Interestingly, these localization patterns of the Z-ring could be attributed to the localization dynamics of the Min-system (Wehrens et al., 2018) .
The fate of short cells generated after non-mid-cell division within swarm colonies remains unknown -though, since they have initiated the swarm-program, it is likely that they are able to continue the swarmer life-style within the swarming population. It is also possible that short cells contribute to the spread of the swarmer cells over solid surfaces and in this way are important for swarm colony expansion -however, more work is needed to determine the role and fate of short cells in relation to long swarmers within the swarm colony. Nevertheless, it is clear that swarm colonies are complex structures that consists of a heterogeneous population of swarmer cells. Future work is needed to further characterize the architecture of the swarm colonies in order to understand how individual cells of the different sub-populations behave within the overall structure of the colony.
Experimental Procedures
Growth conditions and media
In all experiments, unless otherwise stated, V. parahaemolyticus, and E. coli were grown in LB medium or on LB agar plates at 37°C containing antibiotics in the following concentrations: 50 µg ml -1 kanamycin, 100 µg ml -1 ampicillin, and 20 µg ml -1 chloramphenicol for E. coli; 5 µg ml -1 for V. parahaemolyticus.
Strains and plasmids
The strains and plasmids used in this study are listed Table  S1 and S2 respectively. Primers used are listed in Table  S3 . E. coli strains DH5αλpir and SM10λpir were used for cloning. E. coli strain SM10λpir was used to transfer DNA into V. parahaemolyticus by conjugation (Miller and Mekalanos, 1988) . Construction of V. parahaemolyticus deletion mutants was performed with standard allele exchange techniques using derivatives of plasmid pDM4 (Donnenberg and Kaper, 1991) .
Microscopy
For imaging of swarmer cells, a liquid culture of V. parahaemolyticus was grown in LB to an OD600 ≈ 0.1 and subsequently spotted on swarm agar (40 g L -1
Difco Heart Infusion Agar (BD) supplemented with 4 mM CaCl 2 and 50 mM 2,2′-bipyridyl (Sigma Aldrich) additionally supplemented with 0.5 % w/v L-arabinose. Plates were sealed with clear plastic tape and subsequently incubated overnight at 24 o C. The edge of the swarm colony was excised from the swarm agar, imprinted on 1 % agarose in PBS on the microscopy slide and mounted with the cover slip, as described previously (Heering et al., 2017) . The plasmids pPM001, pPM055, and pSM008 were used for ectopic expression of YFP-FtsZ, YFP-MinD, and YFP-FtsK respectively. All the microscopy was performed using a Nikon eclipse Ti inverted Andor spinning-disc confocal microscope equipped with a 100x lens and an Andor Zyla sCMOS cooled camera and an Andor FRAPPA system. Microscopy images were analyzed using ImageJ imaging software (https://rsbweb.nih.gov/ij) and Metamorph Offline (version 7.7.5.0, Molecular Devices).
Swarm colonies for stereomicroscopy was prepared as described above. Stereomicoscopy was carried out using a Leica M205 FA stereomicroscope equipped with a Hamamatsu ORCA-Flash 4.0 digital camera C11440.
In order to measure expression of mCherry from the lafA promoter (PlafA), the gene encoding mCherry was translationally fused to PlafA. The fusion construct was then integrated into the intergenic region between vp0984 and vp0985 on the V. parahaemolyticus chromosome, resulting in strain CF31 (PlafA::mCherry). CF31 cells from swarm-colony flares or planktonic cells from liquid culture (grown in LB to OD600 ~ 0.5) were then analyzed by fluorescence microscopy to test for expression of mCherry protein. The average fluorescence intensity of swarmer and planktonic cells was then measured and correlated with cell length. The average intensity was plotted with error bars indicating the standard-error-mean (SEM).
Image analysis
Image analysis was carried out essentially as described by Heering et al., 2017) . Images generated using Nikon NIS-Elements AR were first separated into single channels using Fiji/ImageJ 1.49j10 and saved as tiff images. DIC and the corresponding fluorescent channel were loaded in MetaMorph Offline (Molecular Devices) for analysis. An overlay of both channels was generated and the cells were marked using the Multi-line tool. The regions were then transferred to the fluorescent channel image. Distances of FtsZ, ParB1-YFP and ParB2-mCherry foci from the cell poles were then enumerated by hand.
In generation of demographs the fluorescence intensity profiles of cells were measured in Fiji/ImageJ, version 1.49j10. The generated data was then processed in R (version 3.0.1; (R Development Core Team, 2008) ) with a script (Cameron et al., 2014) that sorts cells by length and normalizes the generated intensity profiles as an average of each cell's fluorescence. The ggplot2 package (version 1.0.0) was used to produce the demographs. For demographic analysis three independent experiments were performed and the data for each experiment was pooled in generation of the demograph, resulting in the fluorescence profile as a function of cell length. In generation of MinD demographs, cells were aligned with the cell pole of highest fluorescence intensity to one side.
The distance of division sites to the cell pole was enumerated by hand; the distance of visible invaginations transverse to the cell length in the DIC channel was measured and plotted as a function of cell length.
For calculation of the percentage of cells with distinct FtsZ localization patterns, three independent experiments were performed and for each experiment the localization pattern of FtsZ was determined. The average percentage of the three experiments was then calculated for each FtsZ localization pattern and plotted as stacked bar graphs including error bars depicting the SEM. The percentage of mini-cells in a population was determined the same way.
Protein purification of ParB1 and ParB2
C-terminal 6xHIS tagged ParB1 and ParB2 were expressed from plasmid pPM17 and pPM18 respectively. Both ParB1 and ParB2 were expressed individually in BL21 λDE3-RIL cells grown in 100ml LB with 50 µg ml -1 Kanamycin and 34 µg ml -1 Chloramphinicol at 37°C and incubated to an OD600 of 0.5. Expression was induced by addition of IPTG to a final concentration of 0.5 mM. Cells were incubated at 37°C for an additional 2 h. Cells were harvested and resuspended in 30 ml lysis buffer (300 mM KCl, 50 mM KH 2 PO 4 , 5 mM Imidazol, 3 mM DTT, pH = 7.5) and subsequently lysed by French press. The resulting extract was centrifuged to pellet cell debris and membranes. The clarified supernatant was then loaded onto 1 ml Bio-scale Mini Profinity IMAC column (Biorad) on a PROFINIA-system (Biorad). The column was washed with 6 ml wash buffer (300 mM KCl, 50 mM KH 2 PO 4 , 10 mM Imidazol, 3 mM DTT, pH = 7.5) and eluted in 4 ml elution buffer (300 mM KCl, 50 mM KH 2 PO 4 , 250 mM Imidazol, 3 mM DTT, pH = 7.5). The eluate was then dialyzed into the storage buffer 100 mM Tris-HCl, 250 mM NaCl, 1 mM MgCl 2 , 10 % Glycerol, 250 mM KCl, 3 mM DTT, pH = 7.5 at 4°C.
Electrophoretic Mobility Shift Assay (EMSA)
EMSAs were carried out essentially as described in (Ringgaard et al., 2007a (Ringgaard et al., , 2007b . Cy3-and Cy5-endlabelled PCR fragments were used throughout. Labelled PCR fragments were obtained using either a 5′-Cy3 or 5′Cy5 end-labelled oligonucleotide in a PCR reaction with additional oligonucleotide designed to obtain the construct of interest. Primers parS1-1-cw-Cy3/parS1-1-ccw were used to amplify parS1 DNA. Primers parS2-123-cw-Cy3/parS2-123-ccw were used to amplify parS2 DNA. Primers nc-Vp-S-cw-Cy5/nc-Vp-S-ccw were used to amplify parS1 and parS2 free DNA. The reaction mixture containing water, salmon sperm DNA, reaction buffer (100 mM Tris-HCl, 250 mM NaCl, 1 mM MgCl 2 , 10 % Glycerol, 250 mM KCl, 3 mM DTT, pH = 7.5), purified DNA and varying concentrations of proteins (ParB1 and ParB2 were added in the following concentrations: 0.022 µM, 0.044 µM, 0.088 µM, 0.18 µM, 0.35 µM, 0.70 µM, 1.40 µM, 2.82 µM and 5.63 µM.) were incubated for 15 min at room temperature. After incubation, glycerol was added to a concentration of 5 % and reactions were analyzed by electrophoresis on a 0.5X TBE, 5 % polyacrylamide gel in 1X TBE buffer (0.89 M Tris-base, 0.89 M boric acid, 0.02 M EDTA, pH = 8.3) at 125V for 2 hours. A concentration of 5 nM DNA fragments was used throughout. The gel was scanned on a Typhoon Trio instrument. The percentage of shifted DNA was measured using ImageQuant. The average percentage of shifted DNA from three experiments was then plotted as a function of protein concentration.
Sample preparation for LC-MS
Planktonic cells were grown in 20 ml LB to an OD600 of 0.6. To perform aztreonam treatment, planktonic cells were grown to an OD600 of 0.5 and aztreonam was added to a final concentration of 60 µg ml -1 and cells were incubated for an additional hour at 37°C. Cells were then harvested. The swarmer cells from swarm flares were collected by flushing the periphery of the swarm colony with water. Subsequently the liquid was collected and swarmer cells harvested by centrifugation. The cell pellets from all samples were washed with water. The final pellet was then resuspended in lysis buffer (1 % Sodium lauryl sulphate in 0.1 M NH 4 HCO 3 ) and boiled for 5 min. Following ultrasonification (2x20 seconds) and a short centrifugation spin, the samples were incubated at 90°C and shaking for 15 min. A 40X dilution of Tris carboxyethyl phosphine (TCEP) was added to the sample and incubated again at 90 o C and shaking for 15 min. After cooling down, a 40X dilution of 0.1M Iodoacetamide were added to the sample followed by incubation in dark for 40 min. The protein concentration of the samples were then determined by performing a BCA assay. Samples equivalent to 50 µg of protein were digested with trypsin in presence of 1 % SLS overnight at 30°C. Following digestion, the SLS was precipitated out adding TFA (Trifluroacetic acid) to a final concentration of 1.5 % and C-18 purification of peptides was performed to concentrate and desalt the samples. The C18 columns were equilibrated in 300 µl 100 % Acetonitrile, followed by 300 µl 0.1 % TFA. The samples were then loaded and bound to these columns. Following two washes with wash buffer (5 % acetonitrile (v/v), 0.1 % TFA (v/v)), the peptides were eluted in 300 µL elution buffer 4 (50 % acetonitrile (v/v), 0.1 % TFA (v/v)) and concentrated in a vacuum press. Finally, the peptides were dissolved in 100 µL 0.1 % TFA. These peptide samples were then analyzed by LC-MS.
Quantification of protein level using liquid chromatography-mass spectrometry (LC-MS)
LC-MS and data analysis was carried out as described previously (Glatter et al., 2015; Yuan et al., 2017) , with the following modifications. For each strain three or four biological samples were analyzed. Purified peptides were analyzed using liquid-chromatography-mass spectrometry (LC-MS) carried out on a Q-Exactive Plus instrument connected to an Ultimate 3000 RSLC nano and a nanospray flex ion source (all Thermo Scientific).
Peptide separation was performed on a reverse phase HPLC column (75 µm × 42 cm) packed in-house with C18 resin (2.4 µm; Dr. Maisch). The following separating gradient was used: 98 % solvent A (0.15 % formic acid) and 2 % solvent B (99.85 % acetonitrile, 0.15 % formic acid) to 32 % solvent B over 60 min at a flow rate of 300 nl min -1
. For label-free quantification (LFQ) the raw data was loaded into Progenesis (Version 2.0, Nonlinear Dynamics) and exported mgf files searched by MASCOT (Version 2.5, Matrix Science) using the uniprot database for V. parahaemolyticus. Progenesis peptide measurement exports were then further evaluated using SafeQuant (SQ) and LFQ values from the SQ output were used to determine protein abundance changes.
